† Background and Aims Unrelated plants pollinated by the same group or guild of animals typically evolve similar floral cues due to pollinator-mediated selection. Related plant species, however, may possess similar cues either as a result of pollinator-mediated selection or as a result of sharing a common ancestor that possessed the same cues or traits. In this study, visual and olfactory floral cues in Lysimachia species exhibiting different pollination strategies were analysed and compared, and the importance of pollinators and phylogeny on the evolution of these floral cues was determined. For comparison, cues of vegetative material were examined where pollinator selection would not be expected. † Methods Floral and vegetative scents and colours in floral oil-and non-floral oil-secreting Lysimachia species were studied by chemical and spectrophotometric analyses, respectively, compared between oil-and non-oil-secreting species, and analysed by phylogenetically controlled methods. † Key Results Vegetative and floral scent was species specific, and variability in floral but not vegetative scent was lower in oil compared with non-oil species. Overall, oil species did not differ in their floral or vegetative scent from non-oil species. However, a correlation was found between oil secretion and six floral scent constituents specific to oil species, whereas the presence of four other floral compounds can be explained by phylogeny. Four of the five analysed oil species had bee-green flowers and the pattern of occurrence of this colour correlated with oil secretion. Non-oil species had different floral colours. The colour of leaves was similar among all species studied. † Conclusions Evidence was found for correlated evolution between secretion of floral oils and floral but not vegetative visual and olfactory cues. The cues correlating with oil secretion were probably selected by Macropis bees, the specialized pollinators of oil-secreting Lysimachia species, and may have evolved in order to attract these bees.
INTRODUCTION
Many flowering plant species rely on animal pollinators for their sexual reproduction, and adaptation of flowers to a specific guild of pollinators often promotes high efficiency in pollination (Baker and Hurd, 1968; Endress, 1994) . Specific floral traits including size, shape, colour, scent and reward properties of plants pollinated by the same guild of animals may converge as a result of pollinator-mediated selection (Fenster et al., 2004; Harder and Johnson, 2009) . This is because pollinators within a guild are suggested to have similar sensory preferences, whereas different pollinators are suggested to have different sensory preferences (Schiestl and Dötterl, 2012) . Groups of plants pollinated by, for example, moths, bats and carrion flies, respectively, are each well known for a particular suite of floral traits even where the individual plants within each group are not closely related (von Helversen et al., 2000; Andersson et al., 2002; Raguso, 2004) . This convergence, though often most important, is, however, not the only factor that explains floral phenotypes, and should not be explained in isolation without considering evolutionary relationships (Armbruster, 1997; Levin et al., 2003; Raguso et al., 2003; Theis and Lerdau, 2003; Steiner et al., 2011) . Independently of the type of pollinator, closely related plants often share specific traits .
Visual (e.g. colour, shape) and olfactory (scent) floral cues play a central role in attracting pollinators and are often used by pollinators to discriminate between rewarding and nonrewarding plant species (Goulson et al., 2001; Wright and Schiestl, 2009 ). The interplay of olfactory and visual cues is complex, but studies have shown that olfactory and visual cues are often additive/synergistic (e.g. Kunze and Gumbert, 2001; Raguso and Willis, 2005; Burger et al., 2010) , though pollinators may also/additionally be attracted by single floral cues (Dötterl and Schäffler, 2007; Dötterl et al., 2011; Klahre et al., 2011) . In addition to floral traits, vegetative cues may also contribute to pollinator attraction or, in extreme cases, take over the signalling function from the flowers (Dufaÿ et al., 2003) . In most cases, however, flower visitors respond specifically to floral cues (Ayasse et al., 2000; Plepys et al., 2002; Huber et al., 2005) , whereas the importance of vegetative material for pollinator attraction seems typically to be small. Instead, volatiles released from vegetative tissues are well known to deter potential herbivores (Lin et al., 1987) and also to attract parasitoids of herbivores following herbivore damage of leaves (Turlings et al., 1990; Pichersky and Gershenzon, 2002) . Pollinator-mediated selection may therefore be of only minor importance in the evolution of olfactory and visual (colour) traits of vegetative plant parts, which is known to be the case for morphological traits (Conner and Sterling, 1996; Armbruster et al., 1999) . So far, however, no quantitative studies are available comparing the influence of pollinator-mediated selection on both olfactory and visual traits between floral and vegetative organs. Variation in scent within and among species has not yet been compared explicitly between vegetative and floral tissue. Instead, in studies focusing on pollination, vegetative volatiles are typically used as a control for floral scents (Raguso and Pichersky, 1995; Levin et al., 2003) or floral and vegetative scents are pooled and analysed as one data set (e.g. Honda et al., 1998; Füssel et al., 2007; Jhumur et al., 2008) .
Lysimachia is a good model to study the importance of pollinators and phylogeny on olfactory and visual cues of floral as well as vegetative organs. The phylogeny of this genus is well known, and species of this genus exhibit different pollination strategies. About 40 % of the species of a few clades secrete floral fatty oils, and such species/clades are intermingled with species/clades of non-oil-secreting species (Hao et al., 2004; Anderberg et al., 2007) . Oil species are involved in a highly specialized pollination system with Macropis oil bees (Vogel, 1986) . These bees collect floral rewards, i.e. oil and also pollen, for their offspring only from Lysimachia species, and Lysimachia oil species are only/mainly pollinated by these bees. Non-oil-secreting Lysimachia species offer nectar/pollen as reward and were suggested to be pollinated by generalist bees or, in the case of a single cleistogamous species (L. minoricensis), reproductive success is expected to be independent of pollinators (Vogel, 1986) . Species of the oil floral type have yellow (for L. vulgaris, see also Arnold et al., 2010) flowers. Non-oil species have yellow, red, white or purple flowers (Vogel, 1986; Arnold et al., 2010) . Very little is known about olfactory floral cues in Lysimachia, and scent data are available for only one of the oil species (Dötterl and Schäffler, 2007) . Recently, we demonstrated that both olfactory and visual cues of a Lysimachia species are involved in the attraction of a Macropis oil bee .
Oil-secreting Lysimachia species and Macropis bees are distributed in the Holarctic region including North America and Europe, but the highest diversity occurs in China (Vogel, 1986) . In a specific region, Macropis bees collect oil and pollen not only from their native Lysimachia hosts, which may be from the same or from different clades, but also from introduced non-native Lysimachia oil flowers regardless of their clade membership. As an example, in Europe, both M. fulvipes and M. europaea visit Lysimachia species that occur natively in Europe (e.g. L. punctata and L. vulgaris), but are, according to Anderberg (2007) , members of different clades (see also Fig. 4) . Further, Vogel (1986) as well as Simpson and Neff (1983) Fig. 4) . Similarly, the European M. fulvipes visits the Asian L. congestiflora as well as the American L. ciliata in a flight cage (I. Schäffler, unpubl. data), both of which also belong to different clades compared with the native host plants (Table 1, Fig. 4 ). It seems that Macropis bees are not specialized on a specific Lysimachia oil species; instead, they seem to be attracted by any Lysimachia oil species independent of the geographic origin and clade membership.
In the present study, we characterized qualitative and (semi-) quantitative floral and vegetative odours in Lysimachia oil and non-oil species. We also determined the flower and leaf colour in Lysimachia spp. by spectrophotometry and determined how the flower colours are perceived by bees, which have a different visual system to that of humans (e.g. instead of red they have an UV receptor; Backhaus, 1992) .
Because specific Macropis bees visit Lysimachia oil plants belonging to different clades, we hypothesize that oil-secreting Lysimachia species evolved, independent of the phylogenetic relatedness, an oil-specific floral volatile compound or bouquet as well as a uniform bee colour. Lysimachia species that do not secrete floral oils are predicted to differ in their floral scent and colour from oil-secreting species. We expected correlated evolution between specific floral scent compounds/ colours and secretion of floral oils.
In contrast to the visual and olfactory flower cues, potential leaf cues would be expected to vary independently of pollinator mode or floral type, and therefore we predicted that there would be no difference in leaf volatiles or spectral reflectance between oil and non-oil species.
MATERIALS AND METHODS

Plant material
Individual plants of five oil and 12 non-oil Lysimachia species (Table 1) were cultivated from seeds and plants obtained from Botanical Gardens or commercial suppliers, or collected in natural habitats (Supplementary Data Table S1 ). The classification of floral types follows Vogel (1986) and Klotz et al. (2002) . Two of the species of our study, L. maritima and L. arvensis, have only recently been moved to Lysimachia from Glaux and Anagallis, respectively, based on molecular analyses (Banfi et al., 2005; Manns and Anderberg, 2009 ).
Volatile collection
Dynamic headspace scent samples from 'flowers' were collected from inflorescences in situ, from cut inflorescences or from individual cut flowers, whereas vegetative scents were collected from leaves or other non-floral plant parts, i.e. nonflowering shoots (Table 1 ). All samples were collected on sunny days between 10:00 and 16:00 h. When using cut material (to get more concentrated samples), we collected scent immediately after cutting. In two species, L. maritima and L. congestiflora, we collected scent in situ as well as from cut flowering plant parts and found that cutting did not influence floral scent emission when scent was collected immediately after cutting (I. Schäffler, unpubl. data). Floral or vegetative parts were enclosed within polyester oven bags (the size depending on the plant material; from 10 × 10 cm to 20 × 30 cm; Toppits w , Germany) for 10 min (flowers) and 60 min (vegetative parts), respectively, and the emitted volatiles were trapped on 1 . 5 mg of Tenax (mesh 60-80; Supelco, Bellefonte, PA, USA) and 1 . 5 mg of Carbotrap B (mesh 20-40, Supelco) in a quartz vial (Varian Inc.; length 15 mm, inner diameter 2 mm) for 2 min (4 min for vegetative parts: 2 min after 30 min and another 2 min after 60 min of enclosure) using a membrane pump (G12/01 EB, ASF Rietschle-Thomas, Puchheim, Germany). Although in all species the vegetative parts (especially the leaves) comprise a greater proportion of the plant than the corresponding floral material, the scent discharge from the vegetative material was low. For this reason we sampled the scent from vegetative parts for a longer period than for floral tissue. The flow rate was adjusted to 200 mL min 21 (Dötterl et al., 2005) . Ambient controls were collected from empty bags (10 × 10 cm) following the procedure as described above.
Analysis of scent compounds
The dynamic headspace samples were analysed on a Varian Saturn 2000 mass spectrometer coupled to a Varian 3800 gas chromatograph equipped with a 1079 injector. The quartz vials used for scent collections were inserted into the injector by the use of the ChromatoProbe kit (Dötterl et al., 2005) .
The injector split vent was opened and the injector heated to 40 8C to flush introduced air from the system. After 2 min, the split was closed and the injector heated to 200 8C at a rate of 200 8C min
21
. This temperature was then held for 4 . 2 min, after which the split vent opened and the injector cooled down. A ZB-5 column (5 % phenyl polysiloxane) was used for the separation of compounds (60 m long, inner diameter 0 . 25 mm, film thickness 0 . 25 mm; Phenomenex). Helium carrier gas flow was 1 . 0 mL min
. GC oven temperature was 40 8C for the first 7 min then increased by 6 8C min 21 to 250 8C and was held at the end temperature for 1 min. The MS-interface temperature was 260 8C and the ion trap worked at 175 8C. The mass spectra were taken at 70 eV (in EI mode) with a scanning speed of 1 scan s 21 from m/z 30 to 350. The GC-MS data were processed using the Saturn Software package 5 . 2 . 1. Component identification was carried out using the NIST 08, Wiley 7 and Adams (Adams, 2007) mass spectral databases, or the database provided in MassFinder 3, and confirmed by comparison of retention times with published data (Adams, 2007) . Identification of individual components was confirmed by comparison of both mass spectrum and GC retention time with those of authentic standards. Compounds found in ambient control samples were excluded from the analyses.
To identify flower-specific compounds, we compared the 'flower' scent samples with the vegetative samples within species. Only compounds that were found in 'flower' but not in vegetative scent samples were treated as flower specific. We estimated total scent emission (absolute amount) by Anderberg et al. (2007) or, in the case of Lde and Lfo, Hao et al. (2004) , and in the case of Lli, Vogel (1986) . † Cut flowers. ‡ Cut inflorescence or cut non-flowering stems. § Data from Arnold et al. (2010) .
injecting known amounts of several standards compounds, and the mean response of these compounds (mean peak area) was used for quantification (Dötterl et al., 2005) .
Statistical analyses of scent samples
Scents of plants pollinated by one or a few closely related bee species, i.e. specialized pollination systems, are known to contain unique compounds or unique blends (relative amount) of relatively widespread compounds (Schiestl et al., 1999; Burger et al., 2012) . We therefore analysed our scent data using both qualitative ( presence/absence of compounds) and semi-quantitative (relative amount of compounds with respect to total peak area) approaches.
For analyses of qualitative differences in flower-specific as well as vegetative scent among species, we calculated the qualitative Sørensen index using Primer 6 . 1 . 6 (Clarke and Gorley, 2006) to determine pairwise qualitative similarities among the individual samples. Based on the obtained similarity matrices (individual based matrix), we performed analyses of similarities (ANOSIM, 10 000 permutations) in Primer 6 . 1 . 6 to assess differences in scent among species. ANOSIM is a commonly used multivariate procedure roughly analogous to ANOVA/ MANOVA that operates directly on a (dis)similarity matrix. It yields a test statistic R that is a relative measure of separation among a priori defined groups. It is based on differences of mean ranks among and within groups. An R value of '0' indicates completely random grouping, whereas a value of '1' indicates that samples within groups are more similar to each other than to any sample from a different group (Clarke and Gorley, 2006) .
To test for qualitative differences in scent between oil and non-oil species, we used the overall compounds found per species (one list of compounds per species), calculated the Sørensen index to determine pairwise qualitative similarities among the species and, based on the obtained similarity matrix (species-based matrix), performed an ANOSIM as described above, but instead of testing for a species effect, we tested for an effect of presence/absence of oil.
For analyses of semi-quantitative differences in scent among species, we calculated the Bray -Curtis (semi)-quantitative similarity index using Primer 6 . 1 . 6 to assess pairwise semiquantitative similarities among the individual samples, and again performed an ANOSIM (10 000 permutations) based on the obtained similarity matrix (individual based matrix). Semi-quantitative instead of quantitative data were used because the total amount of trapped volatiles strongly varied among as well as within species.
To test for semi-quantitative differences in scent between the oil and non-oil species, we determined the mean relative amount of compounds per species, calculated the pairwise semi-quantitative similarities (Bray -Curtis) to obtain a species-based matrix, and again performed an ANOSIM (10 000 permutations).
PERMDISP (Anderson et al., 2008) was used in Primer 6 . 1 . 6 to test for differences in within-group variability (dispersion) of vegetative and floral scent (based on qualitative as well as semi-quantitative species-based matrices) between oil and non-oil species (10 000 permutations).
Non-metric multidimensional scaling (NMDS), based on Bray -Curtis similarities, was used to display graphically the semi-quantitative differences in flower-specific as well as vegetative scents among species (based on the mean relative amount of compounds per species). Stress values indicate how well the two-dimensional plot represents relationships among samples in multidimensional space. Stress values ,0 . 15 indicate a good fit (Smith, 2003) .
To test if vegetative and flower-specific scents correlate (qualitatively and semi-quantitatively), i.e. plants have similar vegetative scents if they have similar flower scents, RELATE analyses (Mantel test) were performed in Primer 6 . 1 . 6 (Spearman; 10 000 permutations) using the qualitative as well as quantitative species-based similarity matrices.
Colour analysis, hexagon distance matrix and colour space All Lysimachia species used for scent analyses, except L. decurrens, L. maritima and L. mauritiana, were also used to determine spectral reflection properties of the upper side of leaves and the apical petal parts (Table 1) . Spectral reflection properties of red-coloured L. arvensis are from Arnold et al. (2010) .
Diffuse reflectance spectra were taken every nanometre from 300 to 700 nm using a Varian Cary 5 spectrophotometer (Varian Inc., USA) equipped with a praying mantis accessory (Harrick Scientific Products, Inc., Pleasantville, NY, USA) using the same method as described by Burger et al. (2010) . Barium sulfate was used as white standard and the disconnected beam as black reference.
The mean reflections of the petals and of leaves (built from the replicate samples per species) were used to determine the loci of petal colours in the hexagon colour space (Chittka, 1992) . The standard illumination function (D65) and the spectral sensitivities of the honeybee's photoreceptors were used from Chittka and Kevan (2005) . Typically, bees do not differ substantially in their sensory systems (Peitsch et al., 1992) and therefore we used the spectral sensitivity functions described for the honeybees as representative approximation for Macropis bees (Chittka and Kevan, 2005) . For comparison of the bee colours among the different Lysimachia species, the pairwise hexagon distances of colour loci among species, as well as the distance of each colour locus to its background (green leaves) was calculated (Chittka and Kevan, 2005) . Behavioural experiments with bumble-bees trained to visit artificial flowers have demonstrated that colour distances ,0 . 05 hexagon units are poorly discriminated, whereas distances .0 . 10 are easily discriminated by the bees (Dyer and Chittka, 2004) .
Testing for correlated evolution
Phylogenetically controlled correlations between pollination type (oil-bee pollination vs. non-oil-bee pollination) and presence/absence of single scent compounds were analysed using correlated evolution of discrete binary traits implemented in the program BayesTraits (Pagel and Meade, 2006) , using a consensus phylogeny obtained from MrBayes. Chloroplast ndhF gene sequences of 14 species (sequence data were not available for L. decurrens, L. fortunei and L. lichiangensis) were downloaded from GenBank (Table 1) . A consensus tree was constructed using Bayesian analyses under a GTR model of sequence evolution with gamma-distributed rate variation in MrBayes 3 . 1 . 2 (Ronquist and Huelsenbeck, 2003) (Fig. 4) . We ran three independent runs of four Markov chains for 10 million generations, sampling every 500 generations. Adequacy of sampling and run convergence were assessed using the effective sample size diagnostic in TRACER 1 . 5 (Rambaut and Drummond, 2007) . Trees from the first million generations were discarded based on an assessment of convergence.
BayesTraits tests for correlated evolution in two binary traits by comparing the fit of two models, one in which the traits are allowed to evolve independently of one another on a phylogenetic tree (scent compound does not correlate with oil-bee pollination) and one in which traits evolve in a correlated fashion (scent compound correlates with oil-bee pollination). The method applies reversible-jump Markov chain Monte Carlo (RJ MCMC), which samples the posterior probability distributions of the parameter values of the model of trait evolution. The independent and dependent models can be compared with Bayes factors (BFs; Kass and Raftery, 1995) , with the marginal likelihood of each model approximated by the harmonic mean of the likelihoods in the Markov chain. For this comparison, a BF value greater than '2' and additionally a smaller harmonic mean for the independent model is taken as positive evidence that the dependent model is favoured (Pagel and Meade, 2006) . For the analyses we used a uniform prior for the independent model and an exponential hyperprior (0 100) for the model of dependent evolution as suggested by Pagel and Meade (2006) . The analyses were run for 11 000 000 iterations with burn-in at 1 000 000 iterations and sample frequency of 500 iterations. As harmonic means can be unstable, analyses for each model were repeated five times.
To test the correlated evolution of floral colours and pollinator mode (oil-bee vs. non-oil-bee pollination) we used a similar approach. We tested hexagon bee-green (the unique colour present in at least two oil species; see Fig. 3 ) vs. the rest of the colours. We use the same consensus phylogeny obtained from MrBayes. However, as colour data of L. maritima and L. mauritiana were not available, we marked this information as ambiguous in BayesTraits analysis.
Phylogenetic signal in scent compounds and colour
The 'phylogenetic signals' that affected each floral and vegetative compound ( present in at least two oil species) and the presence of bee-green colour were assessed with independent Abouheif's tests ( permutation: 1 000 000; adephylo package in R software; Abouheif, 1999; Jombart et al., 2010) . The Abouheif's C statistic tested the null hypothesis that compounds did not experience phylogenetic autocorrelation (based on the topology of the tree). The test statistic C ranges from '-1' to '1'. A value of '0' indicates a random phylogenetic pattern, values ' . 0' indicate phylogenetic autocorrelation, and values ' , 0' indicate negative phylogenetic autocorrelation (non-random alternation). We performed the Abouheif's test additionally on oil-bee pollination to evaluate the phylogenetic constraint in the evolution of the pollination mode (oil-bee vs. non-oil-bee pollination).
RESULTS
Qualitative properties in flower specific and vegetative scents
We detected altogether 63 flower-specific scent compounds in the different species, 50 of which were (tentatively) identified (Table 2; for complete compound list see Supplementary Data  Table S2 ). No flower-specific compounds were found in L. decurrens and L. ephemerum, but the other species emitted from one (L. mauritiana and L. nemorum) to 20 (L. punctata) flower-specific compounds. Aliphatics (26), aromatic compounds (17) and terpenoids (14) were the most common compounds present among the analysed species. Some of the species, such as L. punctata, emitted compounds from all three of these groups, whereas others had compounds from only two groups [e.g. aliphatics and aromatics (L. nummularia)], or one group [e.g. only aromatics (L. ciliata) or only terpenoids (L. nemorum)]. There was no single compound which occurred in all 15 species analysed, and different species emitted different sets of flower-specific compounds overall (ANOSIM: global R 14,58 ¼ 0 . 995; P , 0 . 001). Post-hoc comparisons among pairs of species revealed values of R .0 . 8 and P , 0 . 03 indicating that there were differences in scent among all the species which contained at least one compound. Variability (dispersion) in qualitative scent composition was lower in oil compared with non-oil species (PERMDISP: F 1,13 ¼ 16 . 5; P ¼ 0 . 009). Oil and non-oil species overall did not differ significantly in flower scent composition (ANOSIM: global R 1,13 ¼ -0 . 053; P ¼ 0 . 62).
In the vegetative scent samples, we detected 62 compounds [34 (tentatively) identified], mainly terpenoids (41), aliphatics (10) and aromatics (5) ( Table 3; for complete compound list  see Supplementary Data Table S3 ). Some of these compounds (e.g. benzaldehyde, benzyl alcohol and 4-oxoisophorone) were also listed as flower-specific compounds (Table 2;  Supplementary Data Table S2 ), indicating that in some species they were found in samples collected from vegetative material, whereas in others they were only found in flower samples. Analogous to our finding that flower scents were species specific, the scent of vegetative parts also differed among species and the set of compounds emitted was species specific (ANOSIM: global R 16,51 ¼ 0 . 838; P , 0 . 001). In contrast to flower-specific scents, however, vegetative scents did not differ among all species (27 % of the post-hoc tests with P . 0 . 05), which mainly has to do with the small number of vegetative samples (n ¼ 1) in L. arvensis, L. lichiangensis and L. maritima. The only non-significant post-hoc tests between species pairs that did not contain at least one of these three species were between L. clethroides and L. ephemerum, and L. clethroides and L. atropurpurea. Analogous to the floral scents, there was no compound which occurred in vegetative samples of all the species. In contrast to floral scents, variability in vegetative scent composition did not differ between oil and non-oil species (PERMDISP: F 1,15 ¼ 5 . 9; P ¼ 0 . 07). Species of the oil and the non-oil group were not characterized by a specific set of vegetative scent compounds (ANOSIM: global R 1,15 ¼ -0 . 16; P ¼ 0 . 87).
Vegetative and flower scent correlated based on the Sørensen similarity matrices (r 13 ¼ 0 . 443; P ¼ 0 . 007) indicating that species emitting a similar set of floral scent compounds also emitted a similar set of vegetative scents.
Quantitative and semi-quantitative properties in flower-specific and vegetative scents
The total amount of scent trapped per flower and per 12 min ranged from ,0 . 5 ng (e.g. L. vulgaris) to 54 ng (L. nummularia) ( Table 2 ). The species differed in their semiquantitative floral scent composition (ANOSIM: global R 14,58 ¼ 0 . 955; P , 0 . 001) (Fig. 1) , and comparisons among all pairs of species were significant (R . 0 . 2, P , 0 . 04). The most abundant compound in the floral scent of L. punctata and L. nummularia was 1-phenyl-1,2-propanedione, in L. vulgaris and L. clethroides benzyl alcohol, in L. maritima benzyl acetate, and in L. arvensis hexyl acetate. Benzaldehyde was the compound with the highest relative amount in floral scents of L. ciliata, L. fortunei and L. lichiangensis, 2-undecanone in L. congestiflora, methyl hexanoate in L. thyrsiflora, 4-oxoisophorone in L. mauritiana, methyl 2-methylhexanoate in L. minoricensis, an unknown sesquiterpene in L. nemorum, and an unknown compound in L. atropurpurea. Variability in semi-quantitative floral scent composition was lower in oil compared with non-oil species (PERMDISP: F 1,13 ¼ 11 . 5; P ¼ 0 . 02). Oil species did not differ overall in their semi-quantitative scent composition from non-oil species (ANOSIM: global R 1,13 ¼ -0 . 057; P ¼ 0 . 64).
The total amount of scent trapped per leaf ranged from ,0 . 5 ng (most of the species) to 3 ng (L. clethroides) per 12 min (Table 3 ). The species differed overall in their semiquantitative vegetative scent composition (ANOSIM: global R 16,51 ¼ 0 . 608; P , 0 . 001) (Fig. 2) ; however, differences were not that prominent compared with the qualitative differences. More than 50 % of the post-hoc tests revealed non-significant values (data not shown). The most abundant compound in the vegetative scent samples of several species was (Z )-3-hexenyl acetate (Table 3 56, 41, 39, 42, 43, 69 1168
Data for oil-secreting species are highlighted in bold. Tr, trace amount (percentage ,0 . 5 % or total absolute amount ,0 . 5 ng). For species abbreviations see Table 1 . Only compounds that contributed at least 10 % in any species are shown. A table with all the compounds detected in the individual samples can be found as Supplementary Data Table S2 .
* Identification based on mass spectrum and retention index. † Identification based on mass spectrum. ‡ Identification based on authentic standards. 179, 69, 107, 39, 95, 40 1296
Data for oil-secreting species are highlighted in bold. Tr, trace amount (percentage ,0 . 5 % or total absolute amount ,0 . 5 ng). For species abbreviations see Table 1 . Only compounds which contributed at least 10 % in any species are shown. A table with all the compounds detected in the individual samples can be found as Supplementary Data Table S3 . ND, not determined.
* Identification based on authentic standards. † Identification based on mass spectrum and retention index.
L. lichiangensis as well as L. arvensis. (E,E)-a-Farnesene was, besides (Z )-3-hexenyl acetate (see above)
, dominant in L. punctata. In contrast to floral scents, variability in vegetative scent composition did not differ between oil and non-oil species (PERMDISP: F 1,15 ¼ 4 . 5; P ¼ 0 . 11). The oil and the non-oil species did not have different vegetative scents overall based on the relative amount of compounds (ANOSIM: global R 1,15 ¼ -0 . 158; P ¼ 0 . 90). Vegetative and floral scent were not correlated, based on the semi-quantitative scent matrices (r 13 ¼ 0 . 161; P ¼ 0 . 186).
The total amount of volatiles emitted from flowers was higher (2-to 2000-fold) than from leaves in 12 species (Tables 2 and 3) . Only for L. vulgaris was the total amount of scent emitted higher in leaves (20-fold).
Leaf and floral colour properties
Leaves of oil and non-oil Lysimachia species had similar reflectance properties, and all leaves reflected most strongly at around 550 nm. One of the species, L. atropurpurea, also reflected to a lesser extent in the blue spectrum (450 -500 nm; Supplementary Data Fig. S1 ). The yellow-coloured oil flowers reflected strongly at wavelengths of 500-700 nm, whereas L. ciliata additionally reflected strongly at 300 -350 nm. Flowers of the non-oil species reflected at 400 -700 nm (white coloured), 300 -400 nm + 500 -700 nm (yellow coloured), 300-400 nm + 600-700 nm (blue coloured) or 300 -450 nm + 600 -700 nm ( purple coloured; see Supplementary  Data Fig. S2 ).
Flowers that secrete oil appear bee-green or UV-green (only L. ciliata) to bees against their leaves as background and non-oil-secreting flowers appear blue-green, UV-blue, UV, UV-green or blue-green (Fig. 3) . For details on flower reflectance properties, hexagon distances among colours and the distances of colour loci to the background, see Supplementary Data Fig. S2 and Table S4 .
Phylogenetic signal and correlated evolution
Pollination systems showed a significant phylogenetic signal (C ¼ 1; P , 0 . 05) and did not vary randomly on the tips of the phylogenetic tree. In addition, correlated evolution was found between oil-bee pollination and the pattern of occurrence of certain floral compounds (Supplementary Data Table S5 ). The aromatics 1-phenyl-1,2-propanedione and (E)-cinnamaldehyde, the aliphatics 2-nonanone, monoacetin and 1,3-diacetin, and the monoterpene linalool showed BF values .2 and additionally a smaller harmonic mean for the independent model in all five replicates. Floral compounds (E)-2-dodecenal, 2-tridecanone, (E)-citral and 1-hydroxy-1-phenyl-2-propanone exhibited a significant phylogenetic signal ( Fig. 4 ; Supplementary Data Table S5 ).
The significant phylogenetic pattern of the vegetative compound terpinolene and the correlated evolution with oil-bee pollination of floral benzaldehyde and benzyl alcohol, and vegetative (E)-a-bergamotene is skewed due to missing sequence data from three non-oil species. Thus, it is not considered further here. These compounds occurred in at least one of the three non-oil species with no sequences available in GenBank (L. decurrens, L. fortunei and L. lichiangensis; Supplementary Data: compare Table S5 with Tables S2, S3 ).
There was correlated evolution between the petal colour bee-green and the oil-bee pollination system (harmonic means: correlated model -12 . 962, independent model -14 . 635; BF 3 . 346). Further, bee-green was not randomly distributed on the phylogenetic tree but showed a significant phylogenetic signal (C ¼ 0 . 309, P ¼ 0 . 03).
DISCUSSION
Contrary to our prediction, we found no specific compound or blend of compounds common in and unique to the floral scents of oil-secreting species. However, the occurrence of some compounds was correlated with oil secretion, suggesting that these compounds were selected by Macropis. As expected, we found no difference between the vegetative scents of plants bearing oil flowers vs. those with flowers having other types of food rewards (e.g. pollen or nectar) or being cleistogamous. There was no clear evidence for correlation between volatiles of vegetative parts and oil secretion. Independent of the pollination mode, leaf colours were similar among all species. In contrast, flower colours varied strongly among species. Flowers of most of the oil-secreting species were bee-green, a colour not found in any non-oil species. As a consequence, bee-green flower colour correlated with oil secretion, and the preponderance of this colour in oil species is likely due to selective pressures exerted by Macropis.
Floral scent characteristics and its evolution in Lysimachia Most of the 63 compounds found in our analyses are widespread floral scent constituents (Knudsen et al., 2006) , and several of the ones we found in oil-secreting species, such as benzaldehyde, benzyl alcohol and 2-tridecanone, are also known from other oil-secreting plants, i.e. South African/ Neotropical orchids or a South African Iridaceae (Manning and Goldblatt, 2005; Kaiser, 2011; Steiner et al., 2011) . The oil-secreting plants of South Africa, which are pollinated by melittid bees (Rediviva) closely related to Macropis, are, similarly to oil Lysimachia spp., typically dominated by aliphatics or aromatics. In contrast, terpenoids are very rarely found in abundant amounts (Table 2; Supplementary Data Table S2 , Fig. S3 ), and this compound class may not play an important role for attracting melittid oil bees though it may be important to attract other bees; terpenoids are very widespread in other bee-pollinated plants (Dobson, 2006) . In Lysimachia, the variability in floral scent within the oil as well as non-oil species is quite high; however, variability in oil species is lower than variability in non-oil species. This may indicate that Macropis exerts a stabilizing selective pressure on floral scent in oil-secreting Lysimachia species (Cresswell, 1998) . We did not find overall differences in scent composition between oil and non-oil species (Table 2, Fig. 1 ; Supplementary Data Table S2 ), nor did we find any compound that was common in all oil species. Generally, almost 70 % of the flower-specific volatiles occurred only in one of the studied species and floral scent was generally species specific, which may be important for reproductive isolation among sympatric species (Knudsen, 1999; Waelti et al., 2008) , such as L. punctata, L. vulgaris and L. nummularia. The remaining compounds occurred in at least two and up to seven species, and the pattern of occurrence of some of these compounds specific to plants with oil can be explained by phylogeny, whereas the presence of other compounds may be a result of pollinatormediated selection.
Importance of phylogeny
Lysimachia punctata and L. nummularia are oil plants that are members of the subgenus Lysimachia group B (Table 1) , and both species emitted a few compounds, such as (E)-2-dodecenal and 2-tridecanone, that we did not find in any other species. The common occurrence of these compounds in L. punctata and L. nummularia can be explained by a shared common ancestor (Supplementary Data Table  S5 ; see also 
Petal colours of five oil and nine non-oil Lysimachia species displayed in a hexagon colour space. E U , E B , E G : excitation of the UV, blue, and green receptor, respectively. For species' abbreviations see Table 1 . The pairwise interspecific distances in colour loci and the distances to the centre of the single species can be found in Supplementary Data Table S4 .
known as floral compounds of non-oil plant species (Kaiser, 2006 (Kaiser, , 2011 Knudsen et al., 2006; Balao et al., 2011) , and recently they were also found in oil-secreting South African orchids (Steiner et al., 2011) . (E)-2-Dodecenal occurred only in a few of these orchids, but 2-tridecanone was very widespread and in some of the species an abundant compound. Steiner et al. (2011) suggested that this compound may be biologically active for Rediviva, and electrophysiological analyses show that it is at least active in Macropis, since it elicited strong responses in antennae of M. fulvipes (Dötterl, 2008) . This compound may therefore be involved in the attraction of Holarctic and South African oil bees. However, 2-tridecanone is well known as a feeding deterrent or repellent for insects (Williams et al., 1980) including generalist bee pollinators (Dobson et al., 1999) , and may, therefore, prevent generalist pollinators from visiting oil plants. Plants secreting floral oil typically receive few, if any, visits from insects other than oil bees, even though some have flowers that offer large amounts of pollen (e.g. Lysimachia) as a pollinator reward (S. Dötterl, unpubl. res.) . Taken together, 2-tridecanone may restrict the pollinator spectrum to the oil bees in L. punctata, L. nummularia and several South African orchids, and therefore act as a floral filter (Johnson et al., 2006; Balao et al., 2011) .
Influence of pollinator-mediated selection
The apparent convergence of linalool, 1-monoacetin and 1,3-diacetin in sympatric, but distantly related oil species L. punctata and L. vulgaris (Table 1) suggests pollinatormediated selection (Supplementary Data Table S5 ). These two oil species occur in Europe where they are visited by M. fulvipes and M. europaea. Linalool is among the most widespread floral scent compounds (Knudsen et al., 2006) , occurs in many species pollinated by specialized or generalist bees (Dobson, 2006) and is known as an attractant for social as well as solitary bee species (Dötterl and Vereecken, 2010) . It also may be involved in host plant finding for European Macropis bees, though on its own it may not be useful for discriminating between Lysimachia oil plants and other cooccurring plants. The acetylated glycerides 1-monoacetin and 1,3-diacetin, together with 1,2-diacetin (which was detected in L. vulgaris and non-oil L. thyrsiflora) and triacetin (detected in the scent of L. vulgaris), are described here for the first time as floral scents. They are structurally related to the 'nonvolatile' floral oils in Lysimachia and other oil plants (Vogel, 1986; Seipold, 2004; Dumri, 2008) , which often consist of mono-, di-or triacylglycerides (Neff and Simpson, 2005) . Mono-, di-and triacetin occur, with the exception of 1,2-diacetin, only in oil species, and their occurrence seems to have to do with the presence of oil. They may be produced by biosynthetic pathways similar to those of the non-volatile floral oils. We are currently investigating whether these volatile acetylated glycerides are involved in attracting Macropis bees to Lysimachia oil flowers. The occurrence of 1,2-diacetin in non-oil L. thyrsiflora may have to do with its close relatedness to oil-secreting L. vulgaris. We do not yet know whether L. thyrsiflora produces and secretes trace amounts of floral oils despite being regarded as a non-oil plant.
(E)-Cinnamaldehyde, which occurs in Lysimachia species from three different clades and three different continents, and 1-phenyl-1,2-propanedione, which occurs in two different clades and three different European species, are other examples of correlated evolution with oil secretion (Supplementary Data  Table S5 ; see also Fig. 4) . (E)-Cinnamaldehyde is known from Cucurbitaceae flowers and attractive for Peponapis pruinosa, a bee specialized on Cucurbitaceae (Andrews et al., 2007) , and we found in electroantennographic measurements that M. fulvipes as well as M. europaea can detect this compound (I. Schäffler and S. Dötterl, unpubl. res.) .
1-Phenyl-1,2-propanedione was the most abundant compound in European L. punctata (see also Dötterl and Schäffler, 2007) and L. nummularia, both from the subgenus Lysimachia group B, and also was abundant in European L. vulgaris (subgenus Lysimachia group E) ( Table 2 ). This aromatic compound is an uncommon floral volatile that is known to be emitted by only a few non-oil orchid species (Kaiser, 1993; Huber et al., 2005) . Its reduced form, 1-hydroxy-1-phenyl-2-propanone, also a very rare floral scent compound (Knudsen et al. 2006) , is probably emitted from the same three Lysimachia species, and could be selected by pollinators as well, although we detected it only in L. punctata and L. nummularia. However, 1-hydroxy-1-phenyl-2-propanone partly rearranges to 1-phenyl-1,2-propanedione during GC-MS analyses (S. Dötterl, unpubl. res.) , and the amount of 1-phenyl-1,2-propanedione in L. vulgaris was at least 100-fold smaller than in L. punctata. 1-Hydroxy-1-phenyl-2-propanone, though present, may have been below the detection threshold after rearrangement of a large proportion to the diketone. The fact that 1-hydroxy-1-phenyl-2-propanone elicited strong responses in electrophysiological measurements with antennae of M. fulvipes could support the idea of pollinator-mediated selection; however, it failed to attract bees in behavioural experiments (Dötterl and Vereecken, 2010) .
Scent from vegetative parts in Lysimachia
Scents from the vegetative parts of Lysimachia are species specific and, in contrast to floral scents, variability (dispersion) among oil species is comparable with that among non-oil species. These vegetative scents are mostly dominated by aliphatics and/or terpenoids ( Fig. 5; Supplementary Data Fig.  S3 ), which are well-known and widespread vegetative scents in plants (Kessler and Baldwin, 2001; Pichersky and Gershenzon, 2002) . Therefore, it is unlikely that vegetative scents have played a major part in pollinator attraction in Lysimachia. There was also no obvious pattern to the distribution of scent compounds between oil and non-oil species. No compound occurred in more than one oil species and, at the same time, was absent from non-oil species. Furthermore, there was no evidence of convergence on a specific vegetative scent that could be considered characteristic for oil species, nor did oil species lack specific compounds that were abundant in several non-oil species. Some of the compounds, especially a group of non-identified terpenoids, occurred as minor (trace) compounds in a few non-oil species only (Supplementary  Data Table S3 ), but the occurrence of these compounds can be explained best by the close relationship of the plant species emitting these compounds. Our analyses therefore do not reveal a vegetative scent compound which seems to be under pollinatormediated selection and involved in attraction of Macropis.
Two of the non-oil species, L. mauritiana and L. atropurpurea, of the clade subgenus Palladia + Lysimachiopsis, differed in their vegetative scent pattern from the other species, and emitted only or mainly (relative amount) aromatics ( Fig. 5; Supplementary Data Fig. S3 ). In both species, the most abundant compound was benzyl alcohol, but L. atropurpurea also emitted large amounts of methyl benzoate and p-anisaldehyde. These three compounds are known to elicit behavioural responses in generalist pollen-collecting bees and male fragrance-collecting euglossine bees (Dötterl and Vereecken, 2010) , and it is possible that vegetative scents contribute to pollinator attraction in these generalist melittophilous Lysimachia species.
We found a correlation in qualitative scent pattern (set of compounds) between floral and vegetative scent data, i.e. species emitting a similar set of floral compounds also emitted a similar set of vegetative compounds, and species strongly differing in their floral scents also differed in their vegetative scents. One might predict that this correlation is due to shared biosynthetic pathways in floral and vegetative organs. However, several of the species emitted scents from different pathways in the different organs. As an example, some of the species emitted aliphatics only from vegetative parts ( Fig. 5; Supplementary Data Fig. S3) . Similarly, the occurrence of aromatics differed strongly between vegetative and floral parts. The correlation between floral and vegetative scents can, therefore, only partially be explained by shared pathways. Several species emitted aromatics only from their flowers (but see above), suggesting that these compounds are important for pollinator attraction. Indeed, recent meta-analyses suggest that aromatics evolved in flower scents in order to attract pollinators (Junker and Blüthgen, 2010; Schiestl, 2010) .
Floral colour evolution in Lysimachia
Though flowers of all oil species are yellow to the human eye, we found differences in the colours that bees perceive (i.e. beecolour) among the different species (Fig. 3) . Nevertheless, there is evidence for correlated evolution between bee-green (yellow to the human eye) and oil secretion. Most of studied oil species are bee-green, though they belong to three different clades (subgenus Lysimachia group B, E and F, Table 1 ). Bee-green is not found in non-oil species, though it is known to be attractive for generalist bees (Giurfa et al., 1995) , the suggested pollinators of these species. It also may be attractive to Macropis in general and, in the case of L. punctata, bee-green colours may have been responsible for attracting M. fulvipes to visual cues of the inflorescences (see also Dötterl et al., 2011) . Nearly all species of the clade Palladia + Lysimachiopsis are bee bluegreen, and this similarity in colour can be explained by the close relatedness of these species. Only one species of this clade, L. atropurpurea, evolved another colour and is bee UV-blue. Generally, these colours are known to elicit behavioural responses in bees (Menzel, 1985; Giurfa et al., 1995) and seem to be involved in attracting bee pollinators in these species.
The flower colour of one of our study species, cleistogamous L. minoricensis, was very similar to its leaf colour (distance to centre ,0 . 1 hexagon units; Supplementary Data Table S4) , and bees may, therefore, have difficulties in discriminating flowers from leaves. In this species, where pollinators are not required for reproductive success, selection may have favoured the evolution of cryptic flowers to prevent the attraction of florivores (Penet et al., 2009) .
Conclusions
Lysimachia species emit specific and highly variable floral and vegetative scents. Oil-secreting species have a lower variability in floral scents compared with non-oil species, but there is no corresponding difference in variability of vegetative scents between oil and non-oil species. Thus, as predicted, floral, but not vegetative, scent seems to be under stabilizing selection from Macropis pollinators. Overall vegetative and floral scent compositions do not differ between oil and non-oil species, and none of the compounds occurs in all oil or in all non-oil species. However, some floral compounds specific to a few oil species exhibit correlated evolution with oil bee pollination, and these compounds may be under selection by Macropis. Leaf colours are similar among all studied species, but flower colour differs among species. Most notable is the correlated evolution between the flower colour bee-green and oil secretion, even though most, but not all oil Table 1 ; AL, aliphatics; AR, aromatics; T, terpenoids; C5, C5-branched chain compounds; N, N-containing compounds; UNK, unknown compounds.
flowers have this colour. This relationship is not surprising, however, because non-oil species are never bee-green. Overall, the data suggest that floral, but not vegetative, scents and colours are under selection by Macropis oil bees and that this is congruent with the study of Dötterl et al. (2011) showing that M. fulvipes bees use both visual and olfactory inflorescence cues for host location, whereas vegetative cues are not attractive. Oil species, though all pollinated by Macropis bees, do not share a signature volatile compound or bee-colour, and this suggests that different Macropis species are effectively attracted by different scents or colours or that flowers of the oil species emit a compound or compounds that are commonly used by Macropis for finding oil hosts, but that have not yet been detected by our methods.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjournals.org and consist of the following. Table S1 : species used for the study and their origin. Table S2 : percentage amount of flower-specific scent compounds in the individual samples. Table S3 : percentage amount of vegetative scent compounds in the individual samples. Table S4 : colour distance matrix in hexagon units. Table S5 : phylogenetic signal and BayesTraits results of scent cues (floral, vegetative). Figure  S1 : mean spectral reflection of leaves in 12 Lysimachia species. Figure S2 : mean spectral reflection of flowers in 14 Lysimachia species. Figure S3 : relative amount of different compound classes in floral and vegetative scent of the study plants.
